The pervasive presence of bilingualism shows that humans can learn two languages without apparent difficulty. However, bilingualism is difficult to define, as it encompasses a broad typology of speakers. Indeed, the acquisition of two languages may occur in many different contexts. People can learn two languages from birth (such individuals are known as simultaneous bilinguals
, as both languages are learned at the same time). Alternatively, they can learn a second language later in life under formal instruction, in an immersion environment as a result of immigration or in one of many other situations (such individuals are known as successive bilinguals
). In addition, among bilinguals, individuals can show considerable variation in the proficiency levels attained in their languages: whereas some show equal proficiency in both languages, others have a clear dominance in one of their languages 1 . These differences in learning contexts and proficiency level pose methodological challenges in bilingual studies (BOX 2) .
Most bilingual research has been carried out on adult successive bilinguals, specifically focusing on second-language processing in the brain and how it is affected by the age at which the second language is acquired and the amount of exposure an individual has to that language. However, the study of bilingualism should also examine how simultaneously learning two languages affects the development of these languages (in simultaneous bilinguals), the impact of learning a second language on the processing of the first language (in successive bilinguals) (BOX 1) and the effects of bilingualism on the mechanisms of cognitive functioning outside the language domain. These are the main topics of the present article. Note that we only briefly cover issues related to learning a second language and the brain representation of two languages (see for reviews of these topics and BOX 3) .
In the first section of this Opinion article, we focus on the language-learning challenges faced by infants who are exposed to two languages from the beginning of life (sometimes called 'bilingual first-language acquisition' (REF. 2) ). The studies show that although the pattern of development is not fundamentally different in bilingual versus monolingual populations, the bilingual input induces some specific learning adaptations. In the second section, we review studies that have addressed how learning a second language affects firstlanguage comprehension and production processes. These studies have mostly focused on young adult successive bilinguals. Last, in the third section, we discuss the potential collateral effects of bilingualism on domaingeneral executive control processes. The studies discussed in this section take a life-long perspective, examining simultaneous and successive bilingual infants, children, young adults and the elderly.
Language acquisition in bilingual infants
Learning a language involves acquiring knowledge about the specific properties of that language. Infants have to learn the specific phoneme repertoire (BOX 1) , the words and the sophisticated grammatical information (such as the location of articles and prepositions) of the language, among many other features. For example, infants learning Japanese have to learn that articles and prepositions come after nouns, whereas infants learning English or Spanish have to learn the opposite. The developmental trajectory of acquiring a language in a monolingual environment is relatively well described 3, 4 , but much less is known about language learning in infants raised in a bilingual (or multilingual) environment. Nevertheless, as we argue, linguistic development in monolingual and bilingual contexts is similar despite the fact that the 'bilingual experience' is associated with some specific adaptations in the learning process.
There are two main differences between acquisition of a language in a monolingual context and acquisition of two languages in a simultaneous bilingual context. The first of these is quantitative, as bilingual infants must learn two linguistic codes instead of just one (that is, two sets of phonemes, two lexicons and two grammatical systems). Furthermore, presumably, learning both codes needs to be achieved in the context of reduced exposure to each of the two languages, as there is no reason to assume that, overall, bilingual parents speak more to their children than do monolingual parents.
The second difference is qualitative and relates to bilinguals' requirement to perform specific computations that monolinguals do not have to perform. Bilingual infants need to be able to notice the existence of more than one 'type of speech' and, then, to adequately sort and parse the information corresponding to each of the speech types. Thus, the learning of two (or more) language systems runs in parallel with the need to sort and properly compute the information for each language. These important quantitative and qualitative differences between monolingual and bilingual learning contexts need to be considered when analysing language learning
Language discrimination. A potential challenge faced by bilingual infants is the need to discriminate between the two languages that they are exposed to. A failure to discriminate may cause difficulties in 'cracking' the linguistic codes of the two languages. However, language discrimination does not seem to pose a major difficulty for infants. Several studies have shown that, at birth, humans prenatally exposed to monolingual or bilingual inputs are able to differentiate between two languages, provided they sound very different, such as Tagalog and English 5 or Dutch Abstract | The ability to speak two languages often marvels monolinguals, although bilinguals report no difficulties in achieving this feat. Here, we examine how learning and using two languages affect language acquisition and processing as well as various aspects of cognition. We do so by addressing three main questions. First, how do infants who are exposed to two languages acquire them without apparent difficulty? Second, how does language processing differ between monolingual and bilingual adults? Last, what are the collateral effects of bilingualism on the executive control system across the lifespan? Research in all three areas has not only provided some fascinating insights into bilingualism but also revealed new issues related to brain plasticity and language learning.
and Japanese
6
. This capacity to differentiate between two languages is not restricted to humans. Previous studies have reported that cotton-top tamarin monkeys 7 as well as Long-Evans rats 8 can discriminate between Japanese and Dutch. Thus, the initial language discrimination capacities of humans may have nothing to do with previous exposure to language.
The ability to discriminate between more-similar languages, such as English and Dutch or Spanish and Italian, develops a bit later, at around 4-5 months of age, in both monolingual and bilingual infants, if they have previously been exposed to at least one of the languages in question [9] [10] [11] . Thus, it seems that infants are able to notice that there are two different language systems in their environment at an early stage and that early exposure to a bilingual environment does not hinder this ability.
However, the bilingual experience does seem to affect the way in which language discrimination is achieved. One study 9 involving bilingual and monolingual 4-5-month-olds showed that monolingual infants orientated faster to a familiar
Box 1 | Key terms and concepts

Cognitive reserve
This term refers to the resistance of certain aspects of cognition to brain damage. For example, neurodegenerative diseases can affect the cognitive abilities of different individuals to varying degrees, suggesting that the cognitive abilities of some individuals are more resistant to brain damage. Cognitive reserve seems to be related to, among other factors, environmental factors such as lifestyle and education.
Conflict between the two linguistic systems
This term refers to the potential competition that the different representations of the two languages of a bilingual may lead to. Given the parallel activation of the two languages and the consequent activation of the two linguistic systems, bilingual speakers need to choose the representations of the target language while ignoring those of the non-intended one.
Convergence hypothesis
This hypothesis states that the neural networks involved in language acquisition and processing are similar for the first and second languages. This is not to say that some additional neural resources are not required when learning and using a second language. Indeed, the second language may, for example, require the recruitment of certain language control neural structures.
First language
This term refers to the first language (or languages) that an individual learns. In the case of simultaneous bilinguals, there is more than one first language. An equivalent term is 'native language'. A related concept is dominant language, which refers to the language that an individual feels more comfortable speaking or is fluent in. It is not uncommon that bilinguals change language dominance following, for example, immigration. Unless specified, in the present review, the term first language is used to refer to a language that was initially learned and that has remained the dominant one.
Inhibition
This term is used to describe a cognitive control mechanism that tunes out stimuli that are irrelevant to the task at hand. In bilingual conversations, it prevents the speaker from producing utterances in the undesired language by keeping its lexical nodes under the threshold for selection.
Lexical retrieval failures
This term refers to those speaking instances in which individuals make an error when producing a word. Such errors may involve saying a semantically related word instead of the target one (for example, 'apple' instead of 'peach'), saying a phonologically related word (for example, 'reach' instead of 'peach') or having difficulties to come up with the intended word in the absence of any intrusion. This type of difficulty in retrieving the intended word, often referred to as a 'tip-of-the-tongue state', seems to be more prevalent in bilinguals than in monolinguals, even if bilinguals try to retrieve the word in any of their two languages.
Monitoring
The process of evaluating the need to apply cognitive control mechanisms (for example, inhibition) in response to the current context. In bilingual conversations, monitoring is involved in determining which language to speak to whom and, therefore, determines whether cognitive control mechanisms need to be applied to keep speaking in one language or switch to the other language.
Orthography-to-phonology mappings
This term refers to the correspondence between letters and sounds. This mapping can be different across languages, leading sometimes to inconsistencies across them. For example, the letter 'p' maps into the sound /p/ in English and into /r/ in Russian.
Phoneme repertoire
This term refers to the set of phonemes spoken in a specific language. It is also known as the phoneme space.
Phonological regularity distributions
This term refers to the fact that combinations of speech sounds can convey important information about a language. They may represent specific combinations of phonemes or other types of speech information. For example, in English, stress is placed on the first syllable in most nouns (unless they are monosyllables), so syllable stress is a useful cue to segment nouns in this language.
Shift in the phoneme space
As a consequence of exposure to a different phonological system, such as in the case of a second language, bilinguals tend to adapt the phoneme space of their first language. This results in bilinguals speaking their first language with an accent. This shift occurs more often when the first language is used less frequently than the second language.
Simultaneous bilinguals
This term refers to bilinguals who are exposed to both languages from birth, although occasionally the term is also used to refer to individuals who acquire their second language within the first 2-3 years of life. Such individuals are also called first-language bilinguals.
Successive bilinguals
This term refers to bilinguals who are exposed to a second language after they have started to acquire their first language. There is no general consensus on how much of the first language needs to be acquired before second-language learning commences for someone to be a labelled a successive bilingual. Still, researchers often used the terms 'early' and 'late' bilingualism to refer to speakers that have acquired the second language before or after the critical periods associated with language learning (BOX 4) , respectively.
The mutual exclusivity heuristic
This term refers to a strategy that humans (adults and infants) have at their disposal to learn new names of objects. The principle is based on the assumption that humans think that objects should only have one category label. In a basic experimental setup to demonstrate this principle, two objects are presented to an individual: one for which the individual knows the name and the other whose name is unknown. Upon hearing a new word, humans tend to assign the new word to the nameless object.
Word form
This term refers to those speech units that listeners can segment and recognize in the speech signal but for which they may not have a meaning.
language than to an unfamiliar one, whereas bilingual infants showed the opposite pattern (FIG. 1) . At present, we do not have a clear understanding of the underlying mechanisms that lead to such differences.
The existence of differences between the mechanisms that underlie language discrimination in bilinguals and monolinguals is supported by other observations. Information about the properties of speech is conveyed not only by sounds but also by articulatory gestures 12, 13 . Interestingly, two studies have reported that bilinguals and monolinguals differ in their capacity to discriminate between different languages when watching silent videos of people speaking these languages 14, 15 . One of these studies showed that French-or English-speaking monolingual infants and French-English-speaking bilingual infants (aged 4 and 6 months old) were able to discriminate people speaking French from those speaking English in silent videos. Crucially, however, this ability was only retained at 8 months of age by the bilingual infants 14 . In the other study, the same silent videos were presented to 8-month-old Spanish-or Catalan-speaking monolinguals and Spanish-Catalan bilingual infants who were never previously exposed to French or English. Again, only bilinguals were able to discriminate between the two languages 15 . Together, these observations suggest that bilingual infants show a specific adaptation in the attentional system that enables them to perceive and track relevant information in two different systems (FIG. 1) .
In summary, these results reveal that monolingual and bilingual infants show similar developmental trajectories in terms of language discrimination; however, the bilingual input seems to tune some of the mechanisms behind this ability.
Establishment of the phoneme repertoire and word learning. The fact that bilingualism does not hinder the ability to discriminate between languages does not necessarily imply that a bilingual experience does not affect language learning. Investigation of language learning in this context began relatively recently and has primarily focused on two crucial issues: the acquisition of the phonetic system and early word learning.
One of the best-described early stages of monolingual development is the establishment of the phoneme repertoire 3, 16 . Most phonemes become established during the second half of the first year of life, and on the approach to this milestone, infants show decreasing sensitivity to speech sounds that are not present in their environment and an increasing sensitivity to speech sounds that are associated with the language (or languages) that they are exposed to 17 . The available evidence reveals that there are no major differences in the time required by bilinguals and monolinguals to establish their phoneme repertoires, even though bilinguals in fact learn two sets of phonemes [18] [19] [20] [21] . The time it takes to establish the phoneme repertoire in bilinguals is remarkable given that, in monolinguals, low-frequency phonemes take longer to become established than highly frequent ones 22 (note that bilingual studies have not explored the acquisition of very infrequently occurring phonemes). Indeed, one may have expected that bilingualism would induce a general delay in the acquisition of the phoneme repertoire, as presumably bilinguals receive less exposure in any one of their languages than monolinguals do in their one language.
The second major milestone in language development for which substantial data exist for monolinguals and bilinguals concerns word learning. Word learning is a complex process. In a highly simplified way, it can be said that it consists of assigning a concept to a word form
. As described below, a priori, the bilingual experience may affect the ability to determine word forms and assign concepts to them.
The identification of words forms in speech is heavily dependent on the computation of phonological regularity distributions in the absence of the clear word boundaries in spoken (but not written) language
. One of the regularities that monolingual and bilingual infants have to extract is the combinations of phonemes that signal word endings. For example, infants learning English will eventually learn that 'tr' does not occur at the word end, although it can occur at the word onset. Similarly, 'rt' can be a word offset but not a word onset. Thus, 'purt' but not 'putr' would conform to the pattern of an English word (even though 'purt' is not in fact an English word). In the second half of the first year of life, monolingual infants start showing sensitivity to these kinds of properties in the words of their native language 23 . By 9 months of age, monolingual infants discriminate sequences of sounds that occur in their native language from sequences that do not. One study compared the abilities of 10-month-old monolinguals and bilinguals to differentiate possible from impossible word endings 24 . Monolinguals and bilinguals showed an equivalent capacity to differentiate possible from impossible word endings in their shared language provided that it was the dominant language in the bilinguals' environment. If bilinguals were tested in their non-dominant language, then monolinguals showed greater discrimination of possible word endings than bilinguals. These data suggest that the identification of words in speech may be affected in bilinguals, but only in individuals for whom there is a clear
Box 2 | Methodological considerations in bilingualism research
In contrast to learning a first language, the acquisition of a second language can occur in many more contexts. Indeed, second-language learners can vary considerably in terms of the age at which second-language acquisition occurs, the amount of exposure to that language, the motivation to learn the language, the type of learning experience and the degree of similarity between their two languages. This natural variation affords the opportunity to test relevant issues about language learning and brain plasticity, such as the presence of critical periods in language acquisition, but it also causes crucial methodological problems, such as finding homogeneous study groups of individuals that share equivalent linguistic experiences. In this regard, computational models might be promising tools to facilitate the identification of relevant variables affecting second-language processing while controlling for potential confounds 102, 103 . Some individuals seem to be more 'talented' than others when learning a new language 104, 105 . The inherent variability in the factors that affect second-language learning, however, makes it difficult to determine the origin of the inter-individual differences in second-language proficiency. This issue is particularly relevant for neuroimaging studies that typically explore relatively small samples and thus can be more affected by heterogeneous sampling 106, 107 . Moreover, language studies involving individuals with neurological conditions (usually brain injury or neurodegenerative conditions) are especially affected by this variability, as premorbid language performance is often unavailable in these cases.
Furthermore, monolinguals and bilinguals often differ in terms of fundamental variables such as socioeconomic status and/or emigration. For example, in the United States, bilingualism is often associated with low socioeconomic status, as reflected by the fact that legislation referring to bilingual education is included in a Federal programme for disadvantaged students 101 . The correlation between emigration and bilingualism may, however, also be influenced by self-selection, as individuals who emigrate may be more capable or ambitious than others who do not (to make the comparison even more complex, there are differences between emigrants who move to improve economic opportunities and refugees who are forced to emigrate 108 ).
difference between the exposure times to the two languages and only then in their more infrequently used language.
As mentioned above, word learning also involves linking word forms to concepts. This process may be guided by the so-called mutual exclusivity heuristic, according to which individuals hypothesize that new words correspond to new concepts 25 
.
In support of this principle, when presented with a known and an unknown object (the concept in this case) while listening to an unknown word, monolingual toddlers tend to look at the unknown object for a longer period of time than the known object 25 . The mutual exclusivity heuristic is a useful learning strategy given that objects tend to be labelled with just one word (synonyms such as 'couch' and 'sofa' are rare).
Interestingly, the outcome in the above task is different in bilingual infants: when presented with a known and an unknown object while listening to an unknown word, bilingual toddlers look at both objects for similar periods of time, suggesting that they are not using the mutual exclusivity heuristic [26] [27] [28] . This is probably explained by the fact that each object is likely to be linked to two labels -one in each language -rather than to just one, and thus the mutual exclusivity heuristic may not be helpful in a multilingual setting. How bilinguals compensate for the lack of utility of this principle during word learning and whether early vocabulary development is compromised in some way by its absence remain unclear. However, whatever strategy is implemented, it does not seem to compromise word learning, as monolingual and bilingual toddlers know a comparable number of words (although, consequently, bilinguals know fewer words in one of their vocabularies than monolinguals know in their one vocabulary 29, 30 ). To conclude, we have argued that, on the basis of currently available data, monolingual and bilingual infants are comparable in their capacities to discriminate between languages, to learn phoneme repertoires and to learn words. Certainly, the available evidence suggests that bilingualism does not seem to compromise language acquisition markedly. Nevertheless, some studies show that the bilingual input induces some specific adaptations in the mechanisms underlying such achievements. The precise nature of these adaptations and whether they reflect enhanced language processing in bilinguals compared with monolinguals are yet to be determined.
Language processing
In this section, we review studies that have explored how learning and using a second language may modify or interfere with firstlanguage processing in adult populations (the 'bilingual effect').
Behavioural consequences of the bilingual effect on first-language processing. Bilingualism can have consequences for performance in the first language at various levels of linguistic processing (see REF. 31 for a review). These consequences have largely been identified in studies involving successive bilinguals, in which the performances of adult bilinguals in their first language in a wide range of tasks have been compared with those of adult monolinguals.
At a semantic level, the mapping of meanings to lexical items in one language may be influenced by the way in which corresponding lexical items in a bilingual's other language are mapped into semantics 32 . That is, word meanings in a given language may differ slightly between monolinguals and bilinguals. At a lexico-syntactic level, bilinguals retrieve and utter words slower than monolinguals and tend to experience more tip-of-thetongue states than do monolinguals [33] [34] [35] 
. Also, bilinguals produce fewer words of a given semantic category in fluency tasks than do monolinguals 36 . Together, these results show that, compared with monolinguals, bilinguals exhibit reduced speech fluency. Furthermore, the frequency of syntactic constructions in the second language affects bilinguals' syntactic choices in their first language 37 . At the phonological level, bilinguals' phoneme boundaries differ from those of monolinguals' . Thus, use of a second language shifts the phoneme space (as has been observed in individuals who have been living in a foreign country for a long period of time)
. However, this does not mean that bilinguals cannot have two phonological repertoires, one for each language 38 . Three main origins of these effects of bilingualism have been proposed. First, some of these effects might arise because individuals who become bilingual start using their first language less frequently than monolinguals use their language. Indeed, studies suggest that the extent to which processing of the first language is affected might correlate with the frequency of second-language usage 34, 39, 40 . Second, the effects of bilingualism on first-language processing may arise because of the continuous interaction between the first-language and second-language systems, leading to linguistic 'transfer' from the second to the first language 32 . For example, lexical and syntactic choices (use of passive or active constructions) in the first language might be modulated by the lexical and syntactic properties of the second language 37 . Interestingly, in extreme situations, linguistic transfer along with a reduced use of the first language can lead to first-language attrition 41 , such as in the case with international adoptions, in which the first language is often no longer (or very infrequently) used 42 . Last, the bilingual effect on first-language processing might come about because of the need to control and monitor the two languages, especially in speech production tasks 43, 44 . Although language processing generally involves control and monitoring processes
, bilingual language processing is more taxing on these processes because bilinguals need to ensure that the right language is used in each communicative context. Furthermore, these control processes are especially important as bilinguals activate
Box 3 | The neural representation of two languages
How bilinguals represent and manage their two linguistic systems is a core issue in bilingualism. The received wisdom is that certain linguistic representations and processes seem to be shared across languages and that the two languages are active in parallel in most contexts [109] [110] [111] [112] [113] [114] . Indeed, similar brain structures are involved when bilinguals use either of their two languages 115 . Consistent with the 'convergence hypothesis' (REF. 116 ) (BOX 1), the degree of neural overlap between the two languages primarily depends on second-language proficiency and to some extent on the age of onset of second language acquisition. Also, it seems that the linguistic principles governing the organization of the two languages are the same 117, 118 . However, there is also evidence suggesting that some of the brain areas that are involved in language control are differentially recruited during first-language versus second-language use, and this is often attributed to the greater effort associated with second-language processing rather than to differences in the actual representation of the two languages 53, 119, 120 . Taken together, these results indicate that, in bilinguals, the neural circuits that 'house' their two languages are similar. Indeed, cortical regions in the left perisylvian areas, including specific frontal, temporal and parietal regions, together with some subcortical structures (such as the basal ganglia) seem to be functionally specialized in the processing of language computations, both for the first and second languages.
their two languages in a non-selective way [45] [46] [47] . That is, when planning to name an apple, Spanish-English bilinguals activate both 'manzana' and 'apple' (the words for apple in Spanish and English, respectively). Moreover, when a bilingual hears a word in one of their languages (for example a Russian-English bilingual hearing the Russian word 'marku'), phonologically related words in both languages are activated (such as the English word 'marker'). Thus, bilinguals almost have two potential lexical candidates (one in each language) for each concept that they want to express, and hence they need to decide continuously which one to utter, in accordance with the situation, and to avoid intrusions from the other language
. Because of these additional demands on cognitive processes, one may expect that first-language efficiency becomes affected (for example, by a decrease in speech rate).
These three explanations for the bilingual effect are not mutually exclusive, and indeed they may all contribute to some of the observed effects. Having discussed the behavioural consequences of bilingualism for first-language processing, we now turn to the issue of how bilingualism affects the neural circuitry involved in such processing.
Neural consequences of the bilingual effect on first-language processing. Various studies have found potential differences in the neural correlates of language processing in monolingual and bilingual young adults. As argued below, it is difficult to determine exactly how these potential neural differences relate to the possible explanations of the effects of bilingualism on first-language processing. Nevertheless, most studies have interpreted neural differences as indicators of increased language-processing demands in bilinguals, resulting from either a reduced frequency of language use or a need for greater linguistic control.
According to a few studies, some brain structures show differential activity in monolinguals and bilinguals, suggesting a bilingualspecific brain activity signature. For example, the left inferior frontal cortex shows increased activity in simultaneous bilinguals compared with monolinguals during comprehension tasks 48, 49 , and this differential activity has been suggested to be involved in some sort of language separation mechanism in bilinguals (see REF. 50 for evidence of the involvement of the left head of caudate in bilingual language control). Moreover, individuals that learn the new orthography-to-phonology mappings
of a second language begin to show increased activation of the left ventral prefrontal cortex during reading in their first language. This increase has been interpreted to mean that bilinguals have higher lexical and non-lexical demands during reading in their first language than monolinguals 51 . However, the conclusions of these studies are limited by the fact that they involved a bilingual experimental setting in which participants are presented with stimuli from two languages. This setting may engage certain processes (for example, identifying the language in which a given item is presented) that are not necessarily involved when bilinguals process language in just one of their languages (and that are clearly not required when monolinguals process their only language). Hence, when interpreting the evidence presented below, it is important to keep in mind whether each particular study has made use of bilingual or monolingual settings.
Perhaps the most convincing evidence for increased language-processing demands in bilinguals compared with monolinguals comes from a study 52 in which highly proficient early successive bilinguals performed several linguistic tasks only in their first language. A comparison of brain activity in these bilinguals and monolingual controls revealed that bilinguals exhibit higher activity in five left-hemisphere language-related brain areas (dorsal precentral gyrus, pars triangularis, pars opercularis, superior temporal gyrus and planum temporale). These differences were evident in tasks involving word retrieval and articulation, such as picture naming and reading aloud but not in receptive language tasks. Interestingly, monolinguals showed increases in activity in the same five brain areas when the language-processing demands in the naming and reading tasks were increased. Given these results, the authors concluded that the main difference between bilingual and monolingual processing relates to the increased processing demands faced by bilinguals because of the additional need to control the two languages, the requirement to resolve lexical competition and/or the reduced frequency of articulatory rehearsal.
Consistent with the notion that bilingualism taxes control processes, several studies have shown a larger involvement of brain areas implicated in language control in bilinguals than in monolinguals. For example, Abutalebi and collaborators [53] [54] [55] [56] have convincingly argued that the head of the left caudate and the left anterior cingulate cortex are preferentially recruited during bilingual language processing in highly proficient early bilinguals. Furthermore, these authors suggest
Box 4 | Critical periods in language learning
Critical (or sensitive) periods refer to periods of time in which brain structures are especially sensitive to a specific environmental input, meaning that outside these periods, the magnitude of the input needed to elicit changes in the brain dramatically increases 121 . The existence of critical periods in language learning -in particular, in second-language acquisition -has been (and still is) a debated topic [122] [123] [124] [125] . It is popularly assumed that native-like acquisition of a second language can be achieved if children are exposed to this second language before puberty (another common version of this assumption places the limit at before 7 years of age) 126 . However, statements of this sort are an oversimplification, as they do not consider the different aspects of language learning, which may have different critical periods. Language requires various types of knowledge and computations (for example, auditory perception and abstract rule learning), which are supported by different brain structures, with different maturational timings [127] [128] [129] . Of note, the maturation of structures involved in auditory perception occurs within the first few months of life 128, 130 , whereas the maturation of the prefrontal structures (involved in planning and rule computations) extends well beyond puberty 98, 128 . Thus, the critical period relating to phonological computations that depend to some extent on auditory processing is quite restricted, but the critical period for grammatical rules may extend for much longer. Hence, the issue of critical periods in language learning needs to be considered in the context of the different linguistic domains.
The bilingual environment has often been considered to exemplify an enriched environment. As a result, one recurring statement that is often encountered when describing bilinguals is that they may exhibit delayed closing of sensitive periods compared with monolinguals 58 . Although this may be the case, the available evidence is far from conclusive, as studies showing delayed closure of critical periods in bilinguals have compared monolingual and bilingual groups from different populations, hence making it difficult to be certain about the origin of such a delay (for example, in some cases, socioeconomic status may have been the reason for differences between the study populations 131 ). Importantly, evidence from animal studies that have linked increased brain plasticity to enriched environments primarily comes from studies analysing the recovery from initially extreme deprivation environments. It has been observed 132 that enriched environments (that is, large cages with running wheels and toys) greatly reduce the adverse effects of early deprivation and improve visual acuity in adult animals (for a review, see REF.121 ). Extrapolating the results from these deprivation studies to the case of differences in input between monolingual and bilinguals remains far-fetched. Nature Reviews | Neuroscience Subjects that both of these structures are involved in keeping the two languages apart during language processing, at least in contexts in which both languages are engaged (see REF. 57 for similar evidence with bimodal bilingualsindividuals who can sign and speak the same language). However, it must be mentioned that the increase in processing demands associated with bilingualism can also lead to some processing benefits. For example, early highly proficient bilinguals show increased subcortical representation of linguistic sounds, as revealed by a larger electrical brain response in the range of the sounds' fundamental frequencies, suggesting that bilinguals have more efficient and flexible auditory processing than monolinguals 58 . An exciting recent discovery in this context is the fact that bilingualism also seems to affect the structure of certain brain areas. For example, early and late highly proficient bilinguals, on average, show increased grey matter in areas involved in verbal fluency tasks (left inferior parietal structures 59 ), articulatory and phonological processes (left putamen 60 ) and auditory processing (Heschl's gyrus 61 ). Furthermore, changes in white matter tracts have also been reported to be associated with bilingualism 62 . A study of older highly proficient successive bilingual adults (70-year-olds) reported higher white matter integrity in the corpus callosum in bilinguals than in monolinguals 63 . Some of these structural changes are also sensitive to the proficiency level in the second language, further suggesting that they are indeed related to the use of a second language rather than to other potentially uncontrolled variables 59 . Thus, although it is difficult to give a complete and coherent picture of the relationships between some of these structural changes and their functional roles, it seems that the learning and continuous use of two languages have pervasive effects on the functional and structural properties of various cortical and subcortical structures.
The current evidence is sufficiently consistent to suggest that bilingualism does indeed have behavioural and neural functional consequences for language processing even in a bilingual's first and dominant language. This is not to say, however, that such an experience leads to fundamental differences in the way that the first language is processed, unless extensive exposure to a second language causes first-language attrition.
Beyond language
As we have discussed, bilingualism affects the brain activity related to language processing, probably as a result of an increase in language-processing demands. Given that exchanging linguistic information is one of the most frequent cognitive activities that humans perform, the question arises as to whether bilingualism affects other cognitive processes. Research on this issue is perhaps the topic in the field that is receiving the most attention from both the scientific community and the general public at the moment. In this section, we first review the current evidence regarding the behavioural consequences of bilingualism in relation to the efficiency with which executive control processes work, and then we turn to the . These sentences from each language were randomly presented from one of two loudspeakers that were hidden behind pictures of women that were arranged on either side of a central screen (two colourful, dynamic images were successively displayed on the screen at the beginning of each trial (that is, before a sentence was played) to attract infants' attention). Previous research with monolingual infants 150 had established that infants orientate their gaze faster to the familiar than to the unfamiliar language. Indeed, monolingual Catalan and monolingual Spanish infants displayed the expected pattern (in blue). However, Spanish-Catalan bilingual infants showed the opposite pattern: they orientated faster to the unknown language than to the maternal one (in red). b | In other studies, infants were familiarized with silent video clips of individuals speaking either French or English. Infants first saw silent video clips of three different French-English bilingual speakers speaking either in French or in English and their attention to the images was measured (looking times). Once their attention declined (habituation criterion), half of the infants saw new sentences in the same language and half of the infants saw new sentences in the other language. At the test phase, monolingual and bilingual infants before the age of 8 months looked longer when presented with video clips from a different language from the one in the familiarization phase, indicating that all infants were able to discriminate between the languages. However, at 8 months of age, only bilingual infants seemed to be able to discriminate between the silent video clips 14, 15 . Furthermore, previous experience with the languages in the silent video clips did not seem to have any marked influence on the capacity of bilingual 8-month-olds to discriminate between them. The capacity to discriminate French from English visually was equivalent for infants exposed to French and English and for infants exposed to Spanish and Catalan. The bar chart shows the increment (or decrement) in looking times between the last trials of the habituation phase and the trials in the test phase (when a language change was introduced) for monolingual and bilingual infants aged 8 months old. As can be seen, only the bilingual infants markedly increased their looking times. The graph in part a is reproduced, with permission, from REF. issue of how bilingualism affects the neural circuitry that sustains the executive control system across the lifespan.
Behavioural consequences of the bilingual effect on executive control processes. The multifactorial executive control system involves processes such as inhibition
, flexible switching between tasks, working memory and monitoring 64, 65 , which may be assigned to any given behavioural task to facilitate its completion. It has been hypothesized that these domain-general executive control mechanisms are recruited in a more taxing manner during bilingual than during monolingual language processing. Hence, continuous recruitment of these mechanisms during bilingual language processing may affect the development and efficiency of the multifactorial executive control system 43, 55, 66 . Some behavioural evidence supports this hypothesis: bilinguals experience less interference in conflict resolution tasks than do monolinguals [66] [67] [68] [69] [70] (see REF. 31 for an excellent review of the scope of the bilingual effect on cognitive control) and, in some contexts, bilinguals seem to be more flexible when switching between non-linguistic tasks 71, 72 . These effects of bilingualism on the executive control system have been observed in a wide range of tasks with little or no linguistic content, such as Stroop-like tasks [66] [67] [68] 73 . Furthermore, these effects seem to be present not only in simultaneous bilinguals but also in successive ones, and across the life span; that is, from infancy to elderhood 66, 74 . Nevertheless, there are certain difficulties when interpreting the results outlined above. First, serious concerns have been raised about the robustness and reliability of the reported cognitive effects of bilingualism -especially in young adults -and in particular about which of the different control processes engaged by bilingual language processing actually generates these advantages [75] [76] [77] [78] . Second, our current knowledge about the nature of the different components of the executive control system and their interactions with each other is rather limited, making it difficult to relate them to the processes involved in bilingual language control. Often, our understating of the crosstalk between the two systems seems to depend on the use of relatively underspecified terms such as 'inhibition' and 'monitoring' . Third, it is not immediately obvious which (and how many) aspects of bilingualism might enhance executive control processes. The bilingual effect on the executive control system may come about because of the need to decide which language to use for each particular interlocutor, to prevent interference from the language that is not in use, to update working memory continuously and/or to attend to the relevant linguistic features of each language (for example, the different phonological repertoires) when learning the two languages. However, the link between the processes engaged during bilingual language production and comprehension and their potential effects on each of these executive components is poorly understood 79, 80 . Further complicating this picture is the observation that the cognitive effects of bilingualism are already present in infants. Simultaneous bilingual infants are able to switch their attention more efficiently than monolingual infants in non-linguistic tasks at the age of 7 months 74 , and at 18 months of age, they appear to have more-developed memory generalization processes 81 . These observations suggest that an explanation of the bilingual effect only in terms of the need to control their two languages during speech production is not tenable anymore, given that these infants do not yet engage in speech production.
The reviewed evidence strongly suggests that bilingualism has behavioural consequences for the mechanisms involved in executive control processes. Given these behavioural observations, it is important to understand the way in which bilingualism alters the neural circuitry that sustains executive control processes.
The effects of bilingualism on executive control circuits. The study of how bilingualism affects the neural basis of executive control processes has only recently commenced. Nevertheless, these early studies indicate that early bilingualism not only alters the functional involvement of certain brain areas in the performance of executive control tasks [82] [83] [84] but also induces experience-related changes in brain structure 63, 83 . For example, when performing non-linguistic switching tasks, early bilinguals recruit larger proportions of the left hemisphere brain areas related to language control, such as the left striatum and the left inferior frontal lobe, than do monolinguals 82 . Moreover, early bilinguals seem to recruit fewer brain resources in conflict monitoring tasks than monolinguals, as revealed by a reduction in brain activity in the anterior cingulate cortex 83 . Indeed, the anterior cingulate cortex seems to be specially tuned by bilingualism, given that its grey matter density (volume) is greater in early bilinguals than in monolinguals 83 . Thus, neuroimaging studies convincingly show that bilingualism does have effects on brain structures involved in executive control processes. These observations nicely complement the behavioural effects of bilingualism on the executive control system reviewed above (see also REF. 31 ).
The effects of long-life bilingualism on neural circuitry have been shown to promote cognitive reserve in elderly people 66 . Elderly bilinguals outperform elderly monolinguals on executive control tasks 66, 85 , despite the fact that bilinguals recruit certain brain areas, such as the left lateral frontal cortex and cingulate cortex, to a lesser extent than monolinguals 86 . Also, bilingualism promotes the maintenance of white matter integrity of the corpus callosum in elderly people 63 , a finding that has further increased our understanding of the basis of cognitive reserve (BOXES 1, 5) .
In this context, a striking observation that has deservedly captured media attention is that bilingualism seems to delay the behavioural symptoms associated with neurodegenerative disorders such as Alzheimer's disease [87] [88] [89] . The estimated age of onset of the disease and the age of the first medical appointment related to cognitive symptoms associated with dementia are about 4-5 years later in proficient bilinguals than in monolinguals. This is not to say that bilingualism protects against the development of neurodegenerative diseases. Rather, the symptoms associated with such diseases may be delayed in bilinguals because of the presence of greater cognitive reserve caused by the bilingual experience. However, caution needs to be exercised when trying to generalize these latter sets of results, as other studies have either failed to find this protective effect of bilingualism or have identified a weakly protective effect [90] [91] [92] [93] . In summary, there seems to be sufficient experimental evidence supporting the notion that bilingualism has an impact on cognition beyond language processing, especially on those processes involved in executive control and their corresponding brain structures. However, why, how and to what extent bilingualism affects these cognitive processes and the corresponding brain structures is far from being fully understood.
Conclusions
In the first section of this article, we have argued that currently available evidence suggests that bilingualism does not seem to compromise language acquisition, although the bilingual input seems to induce specific adaptations in the mechanisms that underlie this process. In subsequent sections, we have described how becoming bilingual affects first-language processing and executive control processes in adulthood. Across the three sections, we have proposed that the main differences between monolinguals and bilinguals in terms of language acquisition and processing are rooted in two factors. First, bilinguals receive less exposure to and make less use of each of their languages than monolinguals do in their only language. Second, bilinguals need to monitor their language systems in a more demanding way than monolinguals, requiring the involvement of cognitive control structures. These two features increase the processing demands during bilingual language acquisition and processing. Thus, although the neural networks involved in first-language processing seem to be fundamentally the same for monolinguals and bilinguals, the latter group faces higher processing demands that lead to an increase in brain activity. Furthermore, a boost in executive control abilities results from coping with this increase in processing demands, which starts in infancy and continues throughout life, possibly enhancing cognitive reserve in the elderly.
However, these conclusions must be interpreted with some caution when designing linguistic educational policies and offering parental advice. This is because a comparable level of competence between bilinguals and monolinguals may only be possible if the linguistic input in any language (and particularly the first one) is frequent, varied and socially useful 94 . If these conditions are not met, one finds situations of switched language dominance in which the second language of a bilingual becomes the dominant language 95, 96 . This is frequently the case in minority and immigrant populations 97 . A more balanced use of the two (or more) languages by a bilingual individual should warrant full development of the first language and possibly of the collateral advantages in cognitive processes 80 .
Importantly, other than a handful of studies investigating international adoptions, few studies have explored the neural changes associated with switched language dominance. A closer inspection of this issue could facilitate the development of a better understanding of how brain plasticity changes across the lifespan. Moreover, a more-complete description of how the age at the time of acquisition of the second language affects first-language processing and executive control will be fundamental for understanding the origin of the reported bilingual effects at the behavioural and neural levels.
From a neural perspective, an outstanding issue that warrants further research is the development of brain networks in monolingual and bilingual children. For a long time, it has been assumed that the complex language network that supports language processing in adulthood is the outcome of a temporally protracted interaction between brain maturation and language exposure. The normal developmental course of language networks has been, and indeed largely still is, considered to involve increasing functional left-lateralization of and increasing involvement of frontal structures in these networks. However, recent findings indicate that such networks (both in terms of left-specialization and in the involvement of their frontal structures) may already be functional at birth 98 , even in premature infants 99 . We are just starting to understand how brain networks develop in monolingual infants. This information will be crucial to better understand the origin of the neural effects that bilingualism induces in adults.
Finally, it is important to keep in mind that advancing our knowledge of how bilingualism sculpts the brain is a socially relevant issue. Such knowledge will help to debunk some misconceptions and 'neuromyths' associated with bilingualism, such as the belief that infants exposed simultaneously to two languages suffer incomplete language acquisition or that bilinguals are cleverer than monolinguals 100 . This is fundamental given the controversial nature of the subject, which is frequently discussed in the context of socially sensitive issues such as immigration, civil rights or education 101 . 
Box 5 | Brain damage and bilingualism
Since the first theories of language impairment in bilingual speakers were proposed in the nineteenth century, the issue of how brain damage affects the two languages of bilingual speakers has attracted the attention of neuropsychologists 133, 134 . This research has mostly focused on the differential effects that brain damage may have on the two languages of a bilingual individual. Indeed, several patterns of impairment of the two languages have been described in such individuals (see REF. 135 for a review). Cases such as these have often been used as the basis of theories about the cortical representation of two languages and the control mechanisms that enable bilingual speakers to activate the intended language at will 136, 137 . Informative as these studies have been, there have also been some difficulties in interpreting their results. This is because it has been unclear what the premorbid language characteristics of the bilingual patients were and whether their language deficits arose as a consequence of damage to linguistic knowledge or damage to the language control mechanisms 136 . Another aspect of the research involving bilingual patients with language deficits after brain injury that has attracted much interest is the type of language treatment that is most appropriate for any given patient; that is, should linguistic rehabilitation target the two languages simultaneously or, if only one, which one (for example, the first language or the better-preserved language)? Moreover, is there transfer between the language targeted by the treatment and the other language? These questions are still debated, and it seems that each particular case may require different solutions 138 . Beyond the clear clinical implications that this research has, it can also help us to understand the relationship between the cortical representation of two languages and how the brain recovers function after injury 139, 140 .
To complement the studies presented above, researchers have started to explore how neurodegenerative diseases affect linguistic performance in bilinguals. In contrast to linguistic performance in stroke, linguistic performance in neurodegenerative diseases can be tracked alongside the pattern of progressive neuronal loss. Moreover, studies of individuals with such diseases provide greater knowledge of the individuals' premorbid language capacities, enabling better controlled analyses of data. At present, research has mostly focused on how Alzheimer's disease (AD) and Parkinson's disease (PD) affect language performance in bilinguals. Interestingly, given the different neural structures affected by these diseases, these studies can inform us about different aspects of bilingual language processing 136, 137, [141] [142] [143] [144] . As AD seems to affect neural structures involved in episodic and semantic memory (at least in its early stages), the study of bilingual individuals with AD can help us to better understand to what extent the representations of the two languages share a common neural substrate and how robust such representations are 145, 146 . By contrast, understanding how PD affects linguistic performance in two languages in bilinguals can inform models of language control. This is because PD primarily affects the subcortical areas, such as the basal ganglia and their connections with the prefrontal structures (frontostriatal network 147, 148 ) that are supposed to be involved in bilingual language control 149 . However, caution needs to be exercised when drawing generalizations from this research to individual cases, as these diseases are often rather heterogeneous in terms of the brain structures that are affected by the disease process and in the pattern of cognitive deficits.
